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1. PURPOSE 

The objective of this activity is to determine the tangential stresses of the outer shell, due to 
uneven thermal expansion of the inner and outer shells of the current waste package (WP) 
designs. Based on the results of the calculation Waste Package Barrier Stresses Due to Thermal 
Expansion, CAL-EBS-ME-000008 (Ref. lo), only tangential stresses are considered for this 
calculation. The tangential stresses are significantly larger than the radial stresses associated 
with thermal expansion, and at the WP outer surface the radial stresses are equal to zero. The 
scope of this activity is limited to determining the tangential stresses the waste package outer 
shell is subject to due to the interference fit, produced by having two different shell coefficients 
of thermal expansions. The inner shell has a greater coefficient of thermal expansion than the 
outer shell, producing a pressure between the two shells. This calculation is associated with 
Waste Package Project. 

The calculations are performed for the 21-PWR (pressurized water reactor), 44-BWR (boiling 
water reactor), 24-BWR, 12-PWR Long, 5 DHLWIDOE SNF - Short (defense high-level 
waste1Department of Energy spent nuclear fuel), 2-MC012-DHLW (multi-canister overpack), 
and Naval SNF Long WP designs. The information provided by the sketches attached to this 
calculation is that of the potential design for the types of WPs considered in this calculation. 

This calculation is performed in accordance with the Technical Work Plan for: Waste Package 
Design Description for SR (Ref. 7). The calculation is documented, reviewed, and approved in 
accordance with AP-3.124, Calculations (Ref. 1). 

2. METHOD 

The method and the analytical approach for this calculation are performed through the use of 
basic equations of solid mechanics. With regard to the development of this calculation, the 
control of electronic management of data was evaluated in accordance with AP-SV. 1 Q, Control 
of the Electronic Management of Information (Ref. 3) .  The electronic management of data is 
controlled in accordance with Ref. 7, Section 10. 

3. ASSUMPTIONS 

In the course of developing this document, assumptions were made regarding the thermal 
expansion calculations. These are identified below. 

3.1 One temperature range (20°C - 239°C) (Ref. 9, Table 6-7) is used throughout this 
calculation for all the waste packages in this study. Although this temperature range 
pertains to the 2 1 -PWR, it is the largest range among all the waste packages. The rationale 
for this assumption is that the interference created from thermal expansion with this 
temperature range will be larger, compared to the interference created from the smaller 
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temperature ranges associated with the other waste packages. This assumption provides 
bounding results in terms of tangential stresses in the outer shell due to thermal expansion. 
This assumption is used in Section 5.1.4. 

The 21-PWR WP overall heat transfer rates are used throughout this calculation for all the 
waste packages in this study. Although these overall heat transfer rates pertain to the 2 1- 
PWR WP, they are the greatest among all the waste packages (Ref. 9, Table 6-7). The 
rationale for this assumption is that larger overall heat transfer rates produce a larger 
difference in temperature between the inner and outer shells. The inner shell results in 
having a higher temperature than the outer shell, causing the thermal expansion to be 
greater for the former. This leads to a greater interference between the shells, yielding 
higher tangential stresses in the outer shell. This assumption provides bounding results in 
terms of tangential stresses in the outer shell due to thermal expansion. This assumption is 
used in Section 5.1.5. 

Room temperature elastic moduli are used for calculating the pressure due to the 
interference. The rationale for this assumption is that the pressure calculation yields 
greater pressures when the elastic moduli are larger. At the maximum temperature, the 
elastic moduli are less than those at room temperature, resulting in a smaller pressure. 
Therefore, using the larger elastic moduli will provide a higher pressure along with higher 
stresses in the outer shell. This assumption provides bounding results in terms of tangential 
stresses in the outer shell due to thermal expansion. This assumption is used in Sections 
5.1.1 and 5.1.2. 

The initial temperature of the waste packages is room temperature, at 20°C (68°F and 
293 K). The rationale for this assumption is that the waste packages are manufactured at 
room temperature or warmer. Room temperature will provide a low initial temperature for 
the waste package shells, yielding a greater change in temperature than that at a higher 
temperature. This assumption provides bounding results in terms of tangential stresses in 
the outer shell due to thermal expansion. This assumption is used in Section 5.1.4. 

When calculating the inner shell inner surface temperature, the inner shell outer surface 
and the outer shell inner surface have the same radius and are in complete contact with 
each other. The rationale for this assumption is that there is no stress associated with 
thermal expansion if the two surfaces are not in contact with each other. Calculating the 
temperature of the inner shell when the shells are not in contact is not of concern for this 
calculation. This assumption is used in Attachments I1 through VIII. 
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4. USE OF COMPUTER SOFTWARE AND MODELS 

4.1 SOFTWARE 

Section 8 contains computations using the standard functions of a commercial-off-the-shelf 
software program, Mathcad 2000 Professional. The results of the computation can be 
reproduced and checked by hand; therefore, the software use is considered exempt from the 
requirements of AP-SI.lQ, Software Management (Ref. 2) (see Ref. 1, Attachment 2, Section 
4.A). These computations are performed using Mathcad 2000 ~rofessional on a personal 
computer. The filenames for each computation are documented in the header for the 
attachments. Formulas, algorithms, listings of inputs and outputs, and numerical solution 
techniques are described in comments in the calculation itself, as applicable. The form of the 
computation files is such that the routines lend themselves to easy verification by visual 
inspection. 

4.2 MODELS 

None used. 
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5. CALCULATION 

5.1 CALCULATION DATA 

The material properties of the inner and outer shell are given below. 

5.1.1 Inner Shell Properties 

316 SS NG (Stainless Steel Nuclear Grade), SA-240, inner shell material 
(Attachment I) 3 16 NG SS, which is 3 16 SS [SA-240 S3 16001 with tightened control 
on carbon and nitrogen content and has the same material properties as 3 16 SS (Ref. 5, 
page 93 1 and Ref. 6, Section 11, SA-240 Table 1) 

Modulus of elasticity, Ei = 195. 1 GPa at 20°C (28.3 - lo6 psi) (Ref. 6, Table TM-1, 
Material Group G) (Assumption 3.3) 

Poisson's ratio, v = 0.298 at 2oUC (Ref. 4, page 755, Fig. 15) 

Mean coefficient of thermal expansion, a, = 17.1 o4 m/m K at 2 6 0 ~ ~  

(9.7 .lo4 inlin. OF) (Ref. 6, Table TE- 1, 16CR- 12Ni-2Mo at 500~  F , Coefficient B) 

Thermal conductivity, Ki = 17.3 W/m K at 232OC (10.0 BTUlhr. ft . OF) (Ref. 6, 

Table TCD, 16CR- 12Ni-2Mo at 4 5 0 ~  F ). 

5.1.2 Outer Shell Properties 

Alloy 22, SB-575 N06022, outer shell material (Attachment I) 

Modulus of elasticity, E, = 206 GPa at 20°C (29.9.1 o6 psi) (Ref. 15, page 14, 
Average Dynamic Modulus of Elasticity) (Assumption 3.3) 

Poisson's ratio, v , = 0.278 at 2 lUC (Ref. 4, page 143, Mechanical Properties) 

Mean coefficient of thermal expansion, a,,,oy22 =12.6-lo6 m1m.K from 24O to 

3 1 6OC (7.0.10" inlin - OF) (Ref. 15, page 13, Average Physical Properties, Mean 
Coefficient of Thermal Expansion) 

Thermal conductivity, KO = 13.4 W/m . K at 2 0 0 ~ ~  (7.75 BTUlhr. ft . OF) (Ref. 15, 
page 1 3, Average Physical Properties, Thermal Conductivity) 
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Yield strength o, = 222 MPa at 260°C (32.2 lo3 psi) (Ref. 6, Table Y-1, 

55Ni-21Cr-13.5Mo at 5 0 0 ~ ~ ) .  

5.1.3 Shell Dimensions 

The dimensions of the inner and outer shells for various waste packages (Attachment I) are 
given in Table 1. 

Table 1. Dimensions of the lnner and Outer Shell for Various Waste Packages 

Table 2 provides the inner cavity length of the inner shell for various waste packages 
(Attachment I). 

Waste Package Type 

21-PWR 
44-BWR 
24-BWR 
1 2-PWR Long 
5 DHLWIDOE SNF - Short 
2-MCOIZDHLW 
Naval SNF Long 

Table 2. lnner Cavity Length of the lnner Shell for Various Waste Packages 

I Waste Package Type I lnner Cavity Length 1 

Outer Shell 
Thickness 

(m) (in .) 
0.020 0.79 
0.020 0.79 
0.020 0.79 
0.020 0.79 
0.025 0.98 
0.025 0.98 
0.025 0.98 

Inner Shell Inner 
Radius 

(m) (in.) 
0.712 28.0 
0.727 28.6 
0.549 21.6 
0.555 21.9 
0.940 37.0 
0.792 31.2 
0.8595 33.8 

12-PWR Long 1 5.121 201.6 
5 DHLWIDOE SNF - Short 1 3.590 141.3 

Inner Shell 
Thickness 

(m) (in.) 
0.050 1.97 
0.050 1.97 
0.050 1.97 
0.050 1.97 
0.050 1.97 
0.050 1.97 
0.050 1.97 

21-PWR 
44-BWR 

I Naval SNF Lona 1 5.415 213.2 1 

(m) (in.) 
4.585 180.5 
4.585 180.5 

5.1.4 Temperature Range 

The upper boundary of the temperature range for the 2 1 -PWR WP is 239 "C (462 degrees F and 
512 K) at the outer shell outer surface, occurring 35 years after emplacement (Ref. 9, Table 6- 
7). This waste package outer surface upper boundary temperature is the maximum among all 
the waste packages and will be used for all the thermal expansion calculations (Assumption 
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3.1). The lower boundary temperature is room temperature at 20°C (68°F and 293 K) 
(Assumption 3.4) representing the shells before the spent nuclear fuel is inserted. 

5.1.5 Overall Heat Transfer Rate 

The overall heat transfer rates for the 21-PWR WP are presented in Table 3 along with the 
corresponding outer shell outer surface temperatures (Ref. 9). These values are used 
throughout this calculation for all the waste packages in this study (Assumption 3.2). 

Table 3. Overall Heat Transfer Rates 

5.2 TECHNICAL APPROACH 

Seven different potential WP designs are evaluated in this document: 21-PWR, 44-BWR, 
24-BWR, 12-PWR Long, 5 DHLWIDOE SNF - Short, 2-MC012-DHLW, and Naval SNF Long. 
For each one of these potential WP designs, a parametric study is performed by calculating the 
interference produced by the thermal expansion of the inner and outer shells. The interference 
between the two shells causes a pressure at the interface of the two shell surfaces. This pressure 
is used to calculate the outer shell tangential stresses at the inner and outer surfaces. 

5.3 THERMAL EXPANSION CALCULATIONS 

Thermal expansion occurs with a change in temperature and is represented by the following 
equation: 6 = a R AT; where b is the change in radial length; a is the coefficient of thermal 
expansion; R is the radial length; and, AT is the change in temperature (see Attachments I1 
through VIII). Attachment IX verifies this equation for thermal expansion. This calculation is 
a parametric study that determines the resulting interference between the waste package shells 
due to thermal expansion based on various gap sizes at room temperature. The calculations for 
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the tangential stresses of the outer shell at the outer and inner surfaces are presented in 
Attachments I1 through VIII. The results are presented in Section 6 .  
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6. RESULTS 

This document may be affected by technical product input information that requires 
confirmation. Any changes to the document that may occur as a result of completing the 
confirmation activities will be reflected in subsequent revisions. The status of the technical 
product input information quality may be confirmed by review of the DIRS database. 

6.1 MAXIMUM OUTER SHELL TANGENTIAL STRESS 

At the maximum temperature, the waste package shells are subject to the greatest pressure 
created by the interference fit caused by uneven thermal expansion of the waste package inner 
and outer shells. This interference fit subjects the shells to a tangential stress. The locations of 
these outer shell stresses are depicted in Figure 1. 

Stress 

L lnner Shell 

Figure 1. The Locations of the Outer Shell lnner Surface and Outer Surface Maximum 
Tangential Stresses 
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The outer shell maximum tangential stresses at the outer and inner surfaces for a corresponding 
gap size (Attachments I1 through VIII) are shown in Table 4 and Table 5. 

Table 4. Outer Shell Maximum Tangential Stress at the Outer Surface 

I Maximum Tangential Stress at the Outer Surface, a,, (MPa) I 
I 

I Waste Package ( Gap Size (mm) I 

Table 5. Outer Shell Maximum Tangential Stress at the Inner Surface 

I Maximum Tangential Stress at the Outer Surface, a,, (MPa) I 
I 

Waste Package I Gap Size (mm) I 

Naval SNF Long 1134.1 / 119.0 ( 103.9 1 88.8 1 73.7 1 58.6 / 43.5 1 28.5 / 13.4 / 0.0 I 0.0 

6.2 TANGENTIAL STRESS RELATION TO TEMPERATURE 

The calculation results (Attachments I1 through VIII) are reported in the following sections for 
each WP. The waste package outer shell tangential stresses at the inner and outer surfaces due to 
thermal expansion are reported using plots, illustrating the tangential stress (MPa) with respect to 
temperature ("C). The plots depict the stressltemperature curves for a range of shell gap sizes. 



Waste Package Project Calculation 
Waste Package Outer Barrier Stress Due to Thermal Expansion with Various Barrier Gap Sizes 
Document Identifier: CAL-EBS-ME-0000 1 1 REV 00 Page 14 of 31 

Figure 2 illustrates the 21-PWR WP outer shell outer surface tangential stress (MPa) with 
respect to temperature ("C) for a range of gap sizes. The Alloy 22 yield strength 10% and 20% 
levels are indicated on the plots at 22.2 and 44.4 MPa (see Section 5.1.2), respectively, for 
informational purposes. 

'"T 
OS Outer Surface Tangential Stress 

100 

o loo is0 ioo i s0  

J 
Temperature (Degrees C) - 0.0-mm gap . . . . 0.1 -mm gap 

- 0.2-mm gap - .  0.3-mm gap 
-- 0.4-mm gap The 44.4 MPa and 22.2 MPa horizontal dashed lines 
.... 0.5-mm gap indicate 10% and 20% yield strength of alloy 22. These 
- 0.6-mm gar, lines are for informational purposes only. 
- .  0.7-mm gap - 0.8-mm gap ...- 0.9-mm gap 

Figure 2. 21-PWR WP Outer Shell Outer Surface Tangential Stress 
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Figure 3 illustrates the 21-PWR WP outer shell inner surface tangential stress (MPa) with 
respect to temperature ("C) for a range of gap sizes. The Alloy 22 yield strength 10% and 20% 
levels are indicated on the plots at 22.2 and 44.4 MPa, respectively, for informational purposes. 

OS Inner Surface Tangentiai Stress 

100 

To,.-273K 
~emperatde (Degrees C) - 0.0-mm gap 

- .  -. 0.1 -mm gap 
- 0.2-mm gap 
- .  0.3-mm gap 
- 0.4-rnm gap The 44.4 MPa and 22.2 MPa horizontal dashed lines 
. . . . 0 . 5 ~ ~ ~  gaD indicate 10% and 20% yield strength of alloy 22. These 
- - .  

0.6-mm gap lines are for informational purposes only. 
- .  0.7-mm gap - 0.8-mm gap 
. . . . 0.9-mm gap 

Figure 3. 21-PWR WP Outer Shell Inner Surface Tangential Stress 
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Figure 4 illustrates the 44-BWR WP outer shell outer surface tangential stress (MPa) with 
respect to temperature ("C) for a range of gap sizes. The Alloy 22 yield strength 10% and 20% 
levels are indicated on the plots at 22.2 and 44.4 MPa, respectively, for informational purposes. 

OS Outer Surface Tangential Stress 

100 

To,.-273K 
~emperatde (Degrees C) - 0.0-mm gap 

. . . . 0.1 -mm gap 
- 0.2-mm gap 
- .  0.3-mm gap The 44.4 MPa and 22.2 MPa horizontal dashed lines 

-... 
- 0.4-mm gap indicate 10% and 20% yield strength of alloy 22. These 

- 
0.5-mm gap lines are for informational purposes only. 
0.6-mm gap - .  0.7-mm gap - 0.8-mm gap 

. . . . 0.9-mm gap 

Figure 4. 44-BWR WP Outer Shell Outer Surface Tangential Stress 
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Figure 5 illustrates the 44-BWR WP outer shell inner surface tangential stress (MPa) with 
respect to temperature ("C) for a range of gap sizes. The Alloy 22 yield strength 10% and 20% 
levels are indicated on the plots at 22.2 and 44.4 MPa, respectively, for informational purposes. 

OS Inner Surface Tangential Stress 

To,,-273K 
~emperatde (Degrees C) 

- 0.0-mm gap 
- .  . . 0.1-mm gap - 0.2-mm gap 
- .  0.3-mm gap The 44.4 MPa and 22.2 MPa horizontal dashed lines 
. . . . 
- 0.4-mm gap indicate 10% and 20% yield strength of alloy 22. These 
- 0.5-mm gap lines are for informational purposes only. 0.6-mm gap 
- .  0.7-mm gap - 0.8-mm gap 
. . . . 0.9-mm gap 

Figure 5. 44-BWR WP Outer Shell Inner Surface Tangential Stress 
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Figure 6 illustrates the 24-BWR WP outer shell outer surface tangential stress (MPa) with 
respect to temperature ("C) for a range of gap sizes. The Alloy 22 yield strength 10% and 20% 
levels are indicated on the plots at 22.2 and 44.4 MPa, respectively, for informational purposes. 

OS Outer Surface Tangential Stress 

- 0.0-mm gap . . . . 0.1 -mm gap - 0.2-mm gap 

To,.-273K 

Temperature (Degrees C) 

- .  0.3-mm gap The 44.4 MPa and 22.2 MPa horizontal dashed lines 

. . . . 
- 0.4-mm gap indicate 10% and 20% yield strength of alloy 22. These 
- 0.5-mm gap lines are for informational purposes only. 0.6-mm gap - .  - - 

0.7-mm gap - 0.8-mm gap 
.... 0.9-mm gap 

Figure 6. 24-BWR WP Outer Shell Outer Surface Tangential Stress 
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Figure 7 illustrates the 24-BWR WP outer shell inner surface tangential stress (MPa) with 
respect to temperature ("C) for a range of gap sizes. The Alloy 22 yield strength 10% and 20% 
levels are indicated on the plots at 22.2 and 44.4 MPa, respectively, for informational purposes. 

OS Inner Surface Tangential Stress 

To,.-273K 
~emperatde (Degrees C) 

0.0-mm gap 
0. l -mm gap 
0.2-mm gap 
O S m m  gap The 44.4 MPa and 22.2 MPa horizontal dashed lines 
0.4-mm gap indicate 10% and 20% yield strength of alloy 22. These 
0.5-mm gap lines are for informational purposes only. 
0.6-mm nap 
0.7-mm gap 
0.8-mm gap 
0.9-mm gap 

Figure 7. 24-BWR WP Outer Shell Inner Surface Tangential Stress 
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6.2.4 12-PWR LONG WP 

Figure 8 illustrates the 12-PWR Long WP outer shell outer surface tangential stress (MPa) with 
respect to temperature ("C) for a range of gap sizes. The Alloy 22 yield strength 10% and 20% 
levels are indicated on the plots at 22.2 and 44.4 MPa, respectively, for informational purposes. 

OS Outer Surface Tangential Stress 

100 

To,.-273K 

Temperature (Degrees C) 
0.0-mm gap 
0.1-mm gap 
0.2-mm gap 
0.3-1nm gap The 44.4 MPa and 22.2 MPa horizontal dashed lines 
0.4-mm gap indicate 10% and 20% yield strength of alloy 22. These 
OS-mm gap lines are for informational purposes only. 
0.6-mm gap 
0.7-mm gap 
0.8-mm gap 
0.9-mm gap 

Figure 8. 12-PWR Long WP Outer Shell Outer Surface Tangential Stress 
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Figure 9 illustrates the 12-PWR Long WP outer shell inner surface tangential stress (MPa) with 
respect to temperature ("C) for a range of gap sizes. The Alloy 22 yield strength 10% and 20% 
levels are indicated on the plots at 22.2 and 44.4 MPa, respectively, for informational purposes. 

OS Inner Surface Tangential Stress 
I60T 

To,,-273K 
~ernperatde (Degrees C) 

0.0-mm gap 
0. l -mm gap 
0.2-mm gap 
0.3-mm gap The 44.4 MPa and 22.2 MPa horizontal dashed lines 
0.4-mm gap indicate 10% and 20% yield strength of alloy 22. These 
0.5-mm gap lines are for informational purposes only. 
0.6-mm gap 
0.7-mm gap 
0.8-mm gap 
0.9-mm gap 

Figure 9. 12-PWR Long WP Outer Shell Inner Surface Tangential Stress 
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6.2.5 5 DHLWIDOE SNF - Short WP 

Figure 10 illustrates the 5 DHLWIDOE SNF - Short WP outer shell outer surface tangential 
stress (MPa) with respect to temperature ("C) for a range of gap sizes. The Alloy 22 yield 
strength 10% and 20% levels are indicated on the plots at 22.2 and 44.4 MPa, respectively, for 
informational purposes. 
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.... 0.1 -mm gap - 0.2-mm gap - - 0.3-mm gap The 44.4 MPa and 22.2 MPa horizontal dashed lines - 
-... 0.4-mm gap indicate 10% and 20% yield strength of alloy 22. These 
- 0.5-mm gap lines are for informational purposes only. 0.6-mm gap 
- .  0.7-mm gap - 0.8-mm gap 
. . . . 0.9-mm gap 

Figure 10. 5 DHLWIDOE SNF - Short WP Outer Shell Outer Surface Tangential Stress 
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Figure 11 illustrates the 5 DHLWIDOE SNF - Short WP outer shell inner surface tangential 
stress (MPa) with respect to temperature ("C) for a range of gap sizes. The Alloy 22 yield 
strength 10% and 20% levels are indicated on the plots at 22.2 and 44.4 MPa, respectively, for 
informational purposes. 
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0.5-mm gap lines are for informational purposes only. 
0.6-mm gap 
0.7-mm gap 
0.8-mm gap 
0.9-mm gap 

Figure 11. 5 DHLWIDOE SNF - Short WP Outer Shell Inner Surface Tangential Stress 
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Figure 12 illustrates the 2-MC0/2-DHLW WP outer shell outer surface tangential stress (MPa) 
with respect to temperature ("C) for a range of gap sizes. The Alloy 22 yield strength 10% and 
20% levels are indicated on the plots at 22.2 and 44.4 MPa, respectively, for informational 
purposes. 
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- .  0.7-mm gap - 0.8-mm gap 
.... 0.9-mm gap 

Figure 12. 2-MCOl2-DHLW WP Outer Shell Outer Surface Tangential Stress 
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Figure 13 illustrates the 2-MC012-DHLW WP outer shell inner surface tangential stress (MPa) 
with respect to temperature ("C) for a range of gap sizes. The Alloy 22 yield strength 10% and 
20% levels are indicated on the plots at 22.2 and 44.4 MPa, respectively, for informational 
purposes. 
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0.0-mm gap 
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0.5-mm gap lines are for informational purposes only. 
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0.7-mm gap 
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Figure 13. 2-MCOM-DHLW WP Outer Shell Inner Surface Tangential Stress 
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6.2.7 NAVAL SNF-Long WP 

Figure 14 illustrates the Naval SNF-Long WP outer shell outer surface tangential stress (MPa) 
with respect to temperature ("C) for a range of gap sizes. The Alloy 22 yield strength 10% and 
20% levels are indicated on the plots at 22.2 and 44.4 MPa, respectively, for informational 
purposes. 
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- 0.4-mm gap indicate 10% and 20% yield strength of alloy 22. These 
- 0.5-mm gap lines are for informational purposes only. 0.6-mm gap 
- .  0.7-mm gap - 0.8-mm gap 
. . . . 0.9-mm gap 

Figure 14. Naval SNF-Long WP Outer Shell Outer Surface Tangential Stress 
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Figure 15 illustrates the Naval SNF-Long WP outer shell inner surface tangential stress (MPa) 
with respect to temperature ("C) for a range of gap sizes. The Alloy 22 yield strength 10% and 
20% levels are indicated on the plots at 22.2 and 44.4 MPa, respectively, for informational 
purposes. 
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Figure 15. Naval SNF-Long WP Outer Shell Inner Surface Tangential Stress 
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8. ATTACHMENTS 

Attachment I (22 pages): Design sketches. Table 4 lists the potential design sketches used 
in this calculation. 

Table 4. Potential Design Sketches Used 

I I Sketch I I 1 

Attachment I1 (1 0 pages): 

Attachment I11 (1 0 pages): 

Attachment IV (1 0 pages): 

Attachment V (1 0 pages): 

Attachment VI (1 0 pages): 

Attachment VII (1 0 pages): 

Design Sketch Title 
21-PWR Waste Package Configurations for Site Recommendation 
21-PWR Waste Package Weld Configuration 
44-BWR Waste Package Configuration for Site Recommendation 
44-BWR Waste Package Assembly Weld Configuration 
24-B WR Waste Package Configuration for Site Recommendation 
24-B WR Waste Package Assembly Weld Configuration 
12-P WR Long Waste Package Configuration for Site Recommendation 
12-PWR Long Waste Package Weld Configuration 
5 DHL W/DOE SNF - Short WP Assembly Configuration for Site 
Recommendation 
5 DHL W/DOE SNF - Short Weld Configuration 
2-MC0/2-DHL W Waste Package Configuration for Site 
Recommendation 
2-MC0/2-DHL W Waste Package Weld Configuration 
Naval SNF Long Waste Package Configuration for Site 
Recommendation 
Naval SNF Long Waste Package Weld Configuration 

Mathcad thermal expansion calculations for the 2 1 -PWR WP 

Mathcad thermal expansion calculations for the 44-BWR WP 

Mathcad thermal expansion calculations for the 24-BWR WP 

Mathcad thermal expansion calculations for the 12-PWR Long 
WP 

Mathcad thermal expansion calculations for the 5 DHLWIDOE 
SNF - Short WP 

Mathcad thermal expansion calculations for the 2-MC012-DHLW 
WP 

Attachment VIII (1 0 pages): Mathcad thermal expansion calculations for the Naval SNF Long 
WP 

Number 
SK-0175 
SK-0191 
SK-0192 
SK-0193 
SK-0184 
SK-0202 
SK-0 183 
SK-0205 

SK-0196 

SK-0197 

SK-0198 

SK-0199 

SK-0194 

SK-0195 

Rev. 
02 
00 
00 
00 
00 
00 
0 1 
00 

03 

00 

04 

0 1 

0 1 

00 

Pages 
1-1 to 1-2 

1-3 
1-4 to 1-5 

1-6 
1-7 to 1-8 

1-9 
1-10 to 1-1 1 

1-12 

1-13 to 1-14 

1-15 

1-16 to 1-18 

1-1 9 

1-20 to 1-21 

1-22 
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Attachment IX (5 pages): Mathcad verification for the equation of thermal expansion 
through a radius, using the theory of elasticity. 
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Various Shell Gap Sizes for the 2 W W R  

This calculation determines the outer shell stresses due to uneven thermal expansion of the 
inner and outer shells. The inner shell is constructed of 316 Stainless Steel Nuclear Grade 
(Section 5.1.1), and the outer shell is constructed of Alloy 22 (Section 5.1.2). Various shell gap 
sizes are used to calculate the resulting outer shell stresses. 

Parameter j provides a range from 0 to 10 with an interval of 1. 

j :=O.. 10 range from 0 to 10 with an interval of 1 

range of shell gap sizes between the shells from which 
the outer shell stresses are to be calculated 
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Dimensions of the waste package cross section 
and the inner cavity length (Section 5.1.3): 

R, := Ri + gap 

tho := 0.020-m 

ro := % + th,, 

L := 4.585m 

Material Properties. 

inner shell inner radius 
Outer Shell I 

inner shell thickness 

inner shell outer radius 

outer shell inner radius 

outer shell thickness 

outer shell outer radius 

Page 11-2 

inner cavity length 6 Inner Shell 

mean coefficient of thermal expansion for 316NG SS 

9.7.10-~- in ) (Section 5.1 . l )  
in deg F 

6 m  a,ll0v22 := 12.6'10- - mean coefficient of thermal expansion for Alloy 22 
m.K 

(7.0- 1 0 - 6 x )  in. deg F (Section 5.1 2) 

9 GPa := 10 .Pa 6 MPa := 10 -Pa 3 ksi := 10 .psi 

E, := 206.GPa 6 E, = 29.9 10 .psi outer shell elastic modulus (Section 5.1.2) 

Ei := 195.1.GPa Ei = 28.3 106epsi inner shell elastic modulus (Section 5.1 . I )  

outer shell Poisson's ratio (Section 5.1 2 )  

inner shell Poisson's ratio (Section 5.1.1) 
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inner shell thermal conductivity 
BTU ) (Section 5.1 . l )  

hr.ft.deg F 

outer shell thermal conductivity 
BTU ) (Section 5.1 2 )  

h~ftadeg F 

0 ~ , ~ l l ~ ~ 2 2  = 32.2 ksi outer shell yield strength at 260 degrees C 
(Section 5.1.2) 

The upper boundary of the temperature range that the outer shell of the 21-PWR waste package 
is subject to is 239 degrees C (462 degrees F and 512 K) (Section 5.1 4, occurring 35 years 
after emplacement. This upper boundary temperature range is used for all waste packages 
(Section 5.1.4). Room temperature at 20 degrees C (68 degrees F and 293 K) is the initial 
temperature (Section 5.1.4) of the shells before the spent nuclear fuel is inserted. 

To, represents the temperature range values (Kelvin) of the calculation. q, represents the 
corresponding overall heat transfer rates (Watts) for each temperature (Section 5.1 S). At room 
temperature the overall heat transfer rate is equal to zero, representing the shells before insertion 
of the spent nuclear fuel. 

K outer shell outer qr := 
surface temperature 

W overall heat transfer 
rates (Section 5.1.5) 
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Using heat transfer methods for a composite cylindrical wall, illustrated here, the inner shell inner 
surface temperature range, Tis, is found by the following equation (Ref. 16, page 92, eq. (3-29)). 
These temperature values correspond with Tos values. For this part of the calculation Ri and % 
are equal to each other (Assumption 3.5). 

Outer Shell 

Shell 

The temperature change is found for both the inner shell at the inner surface and outer shell at 
the outer surface: 

ATi, := Ti, - 293K 

AT,, := To, - 293K 

inner shell inner surface temperature change 

outer shell outer surface temperature change 
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The tangential stresses at the inner and outer surfaces of the outer shell are found in this section. 

Outer shell tangential stress (Ref. 17, page 59, eq. (2-50), first equation) at the outer surface: 

outer shell outer surface tangential stress (MPa) 

Outer shell tangential stress (Ref. 17, page 59, eq. (2-50), first equation) at the inner surface: 

outer shell inner surface tangential stress (MPa) 

The following calculations determine the outer shell 10% and 20% yield strength values. These 
values are marked on the resulting plots and are for informational purposes only. 

010% ::= 1O%.(JY.al~oy22 10% yield strength 

o lo% = 22.2 MPa 

020% := 20%.oy.a~~oy22 20% yield strength 

ozo% = 44.4 MPa 
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Maximum stress at 239 degrees C at the outer surface for a corresponding gap size. Negative 
stresses signify that there is no contact between the shells for the corresponding gap size. 
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This plot illustrates the stress (MPa) with respect to temperature (degrees C) of the outer surface of 
the outer shell for various gap sizes. 

OS Outer Surface Tangential Stress 

To,,-273K 
J 

Temperature (Degrees C) - 0.0-mm gap ----- 0.1-mm gap 
- - 0.2-mm gap - - -  0.3-mm gap 
-- 0.4-mm gap The 44.4 MPa and 22.2 MPa horizontal dashed lines 
- - - - -  0.s-mm gap indicate 10% and 20% yield strength of alloy 22. These 
- -  0.6-rnm gap lines are for informational purposes only. 

0.7-mm gap 
- 0.8-mrn gap 
- - - - -  0.9-mm gap 
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Maximum stress at 239 degrees C at the inner surface for a corresponding gap size. Negative 
stresses signify that there is no contact between the shells for the corresponding gap size. 
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This plot illustrates the stress (MPa) with respect to temperature (degrees C) of the inner surface of 
the outer shell for various gap sizes. 

OS Inner Surface Tangential Stress 

To,,-273K 
J 

Temperature (Degrees C) - 0.0-mm gap ----- 0.1-rnrn gap 
- "  0.2-mm gap 

0.3-mm gap 
0.4-mm gap The 44.4 MPa and 22.2 MPa horizontal dashed lines 

- - - - -  0.5-mm gap indicate 10% and 20% yield strength of alloy 22. These 
- -  0,6-rnm gap lines are for informational purposes only. 
- - -  0.7-mm gap - 0.8-mm gap 
- * + * "  0.9-mm gap 
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Various Shell Gap Sizes for the 44-BWW 

This calculation determines the outer shell stresses due to uneven thermal expansion of the 
inner and outer shells. The inner shell is constructed of 316 Stainless Steel Nuclear Grade 
(Section 5.1.1), and the outer shell is constructed of Alloy 22 (Section 5.1.2). Various shell gap 
sizes are used to calculate the resulting outer shell stresses. 

Parameter j provides a range from 0 to 10 with an interval of 1. 

j :=O.. 10 range from 0 to 10 with an interval of 1 

range of shell gap sizes between the shells from which 
the outer shell stresses are to be calculated 
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Dimensions of the waste package cross section 
and the inner cavity length (Section 5.1.3): 

5 := 0.727.m inner shell inner radius 

thi := 0.050.m inner shell thickness 

Ri := rj + thi inner shell outer radius 

R, := Ri + gap outer shell inner radius 

tho := 0.020.m outer shell thickness 

r, := R, + tho outer shell outer radius 

Outer Shell I 

inner cavity length ,!- Inner Shell 

Material Properties. 

6 m a,, := 17.10- - mean coefficient of thermal expansion for 316NG SS 

in ) (Section 5.1.1) 9.7.10-~- 
in. deg F 

6 m  aallOyz2 := 12.6.10- - mean coefficient of thermal expansion for Alloy 22 

in ) (Section 5.1.2) m.K (7.0.10- 6- 
in. deg F 

9 GPa := 10 -Pa 

Eo := 206.GPa 

Ei := 195.1.GPa 

v, := 0.278 

vi := 0.298 

6 MPa := 10 -Pa 3 ksi := 10 .psi 

6 E, = 29.9 10 .psi outer shell elastic modulus (Section 5.1 2 )  

6 Ei = 28.3 10 .psi inner shell elastic modulus (Section 5.1.1) 

outer shell Poisson's ratio (Section 5.1.2) 

inner shell Poisson's ratio (Section 5.1 . l )  
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inner shell thermal conductivity BTu ) (Section 5.1 . I )  
hreftedeg F 

outer shell thermal conductivity BTU ) (Section 5.1.2) 
hr-fiedeg F 

oy,~l ,y22 := 222MPa ( ~ ~ , ~ l l ~ ~ ~ 2  = 32.2 ksi outer shell yield strength at 260 degrees C 
(Section 5.1.2) 

The upper boundary of the temperature range that the outer shell of the 21-PWR waste package 
is subject to is 239 degrees C (462 degrees F and 512 K) (Section 5.1.4), occurring 35 years 
after emplacement. This upper boundary temperature range is used for all waste packages 
(Section 5.1.4). Room temperature at 20 degrees C (68 degrees F and 293 K) is the initial 
temperature (Section 5.1.4) of the shells before the spent nuclear fuel is inserted. 

Tos represents the temperature range values (Kelvin) of the calculation. qr represents the 
corresponding overall heat transfer rates (Watts) for each temperature (Section 5.1 5). At room 
temperature the overall heat transfer rate is equal to zero, representing the shells before insertion 
of the spent nuclear fuel. 

< outer shell outer qr := 
surface temperature 

W overall heat transfer 
rates (Section 5.1.5) 
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Using heat transfer methods for a composite cylindrical wall, illustrated here, the inner shell inner 
surface temperature range, Tis, is found by the following equation (Ref. 16, page 92, eq. (3-29)). 
These temperature values correspond with To, values. For this part of the calculation Ri and & 
are equal to each other (Assumption 3.5). 

- Outer Shell 

The temperature change is found for both the inner shell at the inner surface and outer shell at 
the outer surface: 

ATi, := Ti, - 293K 

AT,, := To, - 293K 

inner shell inner surface temperature change 

outer shell outer surface temperature change 
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Interference between the two shells along the radius is determined using the basic definition 
of thermal expansion: 

E = a (AT) where E is the strain (change in length per length), a is the coefficient of thermal 
expansion, and AT is the change in temperature (Ref. 17, page 63, eq. (2-61)). 

Since E = 6 1 L (change in length per length), solving for the change in length, 6, yields the 
equation for thermal expansion along a radius: 

6 = a R AT where 6 is the change in radial length, a is the coefficient of thermal expansion, R 
is the radial length, and AT is the change in temperature. 

6i := ass-Ri-ATis change in size of the inner shell outer radius 

T 
60 := ~ ~ I o ~ ~ ~ - % . A T o s  change in size of the outer shell inner radius 

A : = ( l  1 1 1 1 1 1 1 1 1 1 )  This 1x11 rowvector is used toexpand the 11x1 column 
vectors into matrices compatible with the 6, 11x1 I matrix. 

T T 
6 := A 4 - 6, - gap.A interference between shells 

outer shell inner surface radii 11x1 column vector, expanded to 
an 11x1 I matrix 

outer shell outer surface radii 11x1 column vector, expanded to 
an 11x1 I matrix 

Pressure, p, due to an interference fit is found by the following equation (Ref. 17, pages 62 to 63, 
eq. (2-59)): 
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The tangential stresses at the inner and outer surfaces of the outer shell are found in this section. 

Outer shell tangential stress (Ref. 17, page 59, eq. (2-SO), first equation) at the outer surface: 

+ 

outer shell outer surface tangential stress (MPa) 

Outer shell tangential stress (Ref. 17, page 59, eq. (2-SO), first equation) at the inner surface: 

outer shell inner surface tangential stress (MPa) 
- Ro 

The following calculations determine the outer shell 10% and 20% yield strength values. These 
values are marked on the resulting plots and are for informational purposes only. 

o 10% := 10%.oy.al~oy22 10% yield strength 

o lo% = 22 .2  MPa 

c20% := 2O%."y.a1loy22 20% yield strength 

020% = 44.4 MPa 
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Maximum stress at 239 degrees C at the outer surface for a corresponding gap size. Negative 
stresses signify that there is no contact between the shells for the corresponding gap size. 
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This plot illustrates the stress (MPa) with respect to temperature (degrees C) of the outer surface of 
the outer shell for various gap sizes. 

OS Outer Surface Tangential Stress 

To,.-273K 
J 

Temperature (Degrees C) - 0.0-mm gap 
----- 0.1 -mm gap 
- - 0.2-mm gap 
- - -  0.3-mm gap The 44.4 MPa and 22.2 MPa horizontal dashed lines 
----- - 0-4-mm gap indicate 10% and 20% yield strength of alloy 22. These 
- -  

OS-mm gap lines are for informational purposes only. 
0.6-mm gap - - -  0.7-mm gap - 0.8-mm gap 

- - - " *  0.9-mm gap 
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Maximum stress at 239 degrees C at the inner surface for a corresponding gap size. Negative 
stresses signify that there is no contact between the shells for the corresponding gap size. 
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This plot illustrates the stress (MPa) with respect to temperature (degrees C) of the inner surface of 
the outer shell for various gap sizes. 

OS Inner Surface Tangential Stress 

To,.-273K 
J 

Temperature (Degrees C) 

- 0.0-mmgap ----- 0.1 -mm gap 
- - 0.2-mrn gap - - -  0.3-mm gap The 44.4 MPa and 22.2 MPa horizontal dashed lines 
- - - - -  
- 0.4-mm gap indicate 10% and 20% yield strength of alloy 22. These 
- - 0 5 -  gap lines are for informational purposes only. 

0.6-mm gap - - -  0.7-mm gap - 0.8-rnrn gap 
----- 0.9-mm gap 
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Various Shell Gap Sizes for the 24-BW 

This calculation determines the outer shell stresses due to uneven thermal expansion of the 
inner and outer shells. The inner shell is constructed of 316 Stainless Steel Nuclear Grade 
(Section 5.1.1)' and the outer shell is constructed of Alloy 22 (Section 5.1.2). Various shell gap 
sizes are used to calculate the resulting outer shell stresses. 

Parameter j provides a range from 0 to 10 with an interval of 1. 

j := 0.. 10 range from 0 to 10 with an interval of 1 

range of shell gap sizes between the shells from which 
the outer shell stresses are to be calculated 
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Dimensions of the waste package cross section 
and the inner cavity length (Section 5.1.3): 

ri := 0.549.m inner shell inner radius 

thi := 0.050.m inner shell thickness 

Ri := ri + thi inner shell outer radius 

Ro := Ri + gap outer shell inner radius 

tho := 0.020.m outer shell thickness 

ro := Ro + tho outer shell outer radius 

Outer Shell I 
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L := 4.585m inner cavity length b Inner Shell 

Material Properties. 

6 m a,, := 17.10- - mean coefficient of thermal expansion for 316NG SS 

( 9 . 7 . 1 0 - 6 A )  1m deg F (Section 5.1.1) 

6 m a,ll0y22 := 12.6-10- - mean coefficient of thermal expansion for Alloy 22 

in ) (Section 5.1 2) 
in deg F 

9 GPa := 10 .Pa 6 m a : =  10 -Pa 3 ksi := 10 .psi 

E, := 206.GPa Eo = 29.9 106mpsi outer shell elastic modulus (Section 5.1.2) 

Ei := 195.1.GPa 6 Ei = 28.3 10 -psi inner shell elastic modulus (Section 5.1 .l) 

outer shell Poisson's ratio (Section 5.1.2) 

inner shell Poisson's ratio (Section 5.1.1) 
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inner shell thermal conductivity BTU ) (Section 5.1 . l )  
hrft.deg F 

outer shell thermal conductivity BTU ) (Section 5.1 2) 
hr.ft-deg F 

~ ~ . ~ l l ~ ~ 2 2  := 222MPa ~ ~ , ~ l l ~ ~ 2 2  = 32 .2  ksi outer shell yield strength at 260 degrees C 
(Section 5.1.2) 

The upper boundary of the temperature range that the outer shell of the 21-PWR waste package 
is subject to is 239 degrees C (462 degrees F and 512 K) (Section 5.1.4), occurring 35 years 
after emplacement. This upper boundary temperature range is used for all waste packages 
(Section 5.1.4). Room temperature at 20 degrees C (68 degrees F and 293 K) is the initial 
temperature (Section 5.1.4) of the shells before the spent nuclear fuel is inserted. 

Tos represents the temperature range values (Kelvin) of the calculation. qr represents the 
corresponding overall heat transfer rates (Watts) for each temperature (Section 5.1 5).  At room 
temperature the overall heat transfer rate is equal to zero, representing the shells before insertion 
of the spent nuclear fuel. 

C outer shell outer qr := 
surface temperature 

W overall heat transfer 
rates (Section 5.1.5) 
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Using heat transfer methods for a composite cylindrical wall, illustrated here, the inner shell inner 
surface temperature range, Tis, is found by the following equation (Ref. 16, page 92, eq. (3-29)). 
These temperature values correspond with Tos values. For this part of the calculation Ri and I%, 
are equal to each other (Assumption 3.5). 

Outer Shell 

The temperature change is found for both the inner shell at the inner surface and outer shell at 
the outer surface: 

ATi, := Ti, - 293K 

AT,, := To, - 293K 

inner shell inner surface temperature change 

outer shell outer surface temperature change 
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Interference between the two shells along the radius is determined using the basic definition 
of thermal expansion: 

E = a (AT) where E is the strain (change in length per length), a is the coefficient of thermal 
expansion, and AT is the change in temperature (Ref. 17, page 63, eq. (2-61)). 

Since E = 6 1 L (change in length per length), solving for the change in length, 6, yields the 
equation for thermal expansion along a radius: 

6 = a R AT where 6 is the change in radial length, a is the coefficient of thermal expansion, R 
is the radial length, and AT is the change in temperature. 

6i := ass-Ri.ATis change in size of the inner shell outer radius 

T 
60 := aa11o~22'Ro'ATos change in size of the outer shell inner radius 

A : = ( l  1 1 1 1 1 1 1 1 1 1 )  This 1x11 rowvector isused toexpand the 11x1 column 
vectors into matrices compatible with the 6, 11x1 1 matrix. 

T T 
6 := A 4 - 6, - gap.A interference between shells 

outer shell inner surface radii 11x1 column vector, expanded to 
an 11x1 1 matrix 

outer shell outer surface radii 11x1 column vector, expanded to 
an 11x1 1 matrix 

Pressure, p, due to an interference fit is found by the following equation (Ref. 17, pages 62 to 63, 
eq. (2-59)): 
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The tangential stresses at the inner and outer surfaces of the outer shell are found in this section. 

Outer shell tangential stress (Ref. 17, page 59, eq. (2-SO), first equation) at the outer surface: 

outer shell outer surface tangential stress (MPa) 

Outer shell tangential stress (Ref. 17, page 59, eq. (2-SO), first equation) at the inner surface: 

outer shell inner surface tangential stress (MPa) 

The following calculations determine the outer shell 10% and 20% yield strength values. These 
values are marked on the resulting plots and are for informational purposes only. 

ole% := 10%'~y.a11oy22 10% yield strength 

o 10% = 22 .2  MPa 

020% := 20%.~y.a11oy22 20% yield strength 

020% = 44.4 MPa 
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Maximum stress at 239 degrees C at the outer surface for a corresponding gap size. Negative 
stresses signify that there is no contact between the shells for the corresponding gap size. 

- - - Qos - 
j ,lo 

rnrn 
117.4 

-1.9 

-25.8 

-49.6 

-73.5 

-97.3 
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This plot illustrates the stress (MPa) with respect to temperature (degrees C) of the outer surface of 
the outer shell for various gap sizes. 

OS Outer Surface Tangential Stress 

To,,-273K 
J 

Temperature (Degrees C) - 0.0-mm gap ----- 0.1-mm gap 
- - 0.2-rnm gap 

0.3-mm gap The 44.4 MPa and 22.2 MPa horizontal dashed lines 
----- 0.4-mmgap indicate 10% and 20% yield strength of alloy 22. These 
- - 0.5-mm gap lines are for informational purposes only. 

0.6-mm gap - - -  0.7-mm gap - 0.8-mm gap 
----- 0.9-mm gap 
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Maximum stress at 239 degrees C at the inner surface for a corresponding gap size. Negative 
stresses signify that there is no contact between the shells for the corresponding gap size. 
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This plot illustrates the stress (MPa) with respect to temperature (degrees C) of the inner surface of 
the outer shell for various gap sizes. 

OS Inner Surface Tangential Stress 

To,.-273K 
J 

Temperature (Degrees C) 
0.0-mm gap 
0.1 -mm gap 
0.2-mm gap 
0.3-mm gap The 44.4 MPa and 22.2 MPa horizontal dashed lines 0.4-mmgap indicate 10% and 20% yield strength of alloy 22. These 
OS-mm gap lines are for informational purposes only. 
0.6-mm gap 
0.7-mm gap 
0.8-mm gap 
0.9-mrn gap 
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Various Shell Gap Sizes for the 1 

This calculation determines the outer shell stresses due to uneven thermal expansion of the 
inner and outer shells. The inner shell is constructed of 316 Stainless Steel Nuclear Grade 
(Section 5.1.1), and the outer shell is constructed of Alloy 22 (Section 5.12). Various shell gap 
sizes are used to calculate the resulting outer shell stresses. 

Parameter 

j := 0.. 10 

j provides a range from 0 to 10 with an interval of 1. 

range from 0 to 10 with an interval of 1 

range of shell gap sizes between the shells from which 
the outer shell stresses are to be calculated 
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Dimensions of the waste package cross section 
and the inner cavity length (Section 5.1.3): 

ri := 0.555.m inner shell inner radius 

thi := 0.050.m inner shell thickness 

Ri := ri + thi inner shell outer radius 

R, := Ri + gap outer shell inner radius 

tho := 0.020.m outer shell thickness 

r, := R, + tho outer shell outer radius 

inner cavity length 

Page V-2 

Outer Shell I 

6- Inner Shell 

Material Properties. 

6 m a,,:= 17.10- - mean coefficient of thermal expansion for 316NG SS 

9.7.10-~- in ) (Section 5.1 .I) 
in-deg F 

6 m a,ll0y22 := 12.6.10- - mean coefficient of thermal expansion for Alloy 22 

7.0.10- 6+) (Section 5.12) 
m.degF 

6 MPa:= 10 -Pa 3 ksi := 10 .psi 

6 E, = 29.9 10 -psi outer shell elastic modulus (Section 5.1.2) 

6 Ei = 28.3 10 -psi inner shell elastic modulus (Section 5.1.1) 

outer shell Poisson's ratio (Section 5.1 2) 

inner shell Poisson's ratio (Section 5.1.1) 
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inner shell thermal conductivity 
BTU ) (Section 5.1.1) 

hr.ft-deg F 

outer shell thermal conductivity 
BTU ) (Section 5.1.2) 

hr.ft.deg F 

cs y,alloy22 := 222MPa o y,alloy22 = 32.2 ksi outer shell yield strength at 260 degrees C 
(Section 5.1.2) 

The upper boundary of the temperature range that the outer shell of the 21-PWR waste package 
is subject to is 239 degrees C (462 degrees F and 512 K) (Section 5.1.4), occurring 35 years 
after emplacement. This upper boundary temperature range is used for all waste packages 
(Section 5.1.4). Room temperature at 20 degrees C (68 degrees F and 293 K) is the initial 
temperature (Section 5.1.4) of the shells before the spent nuclear fuel is inserted. 

To, represents the temperature range values (Kelvin) of the calculation. q, represents the 
corresponding overall heat transfer rates (Watts) for each temperature (Section 5.1.5). At room 
temperature the overall heat transfer rate is equal to zero, representing the shells before insertion 
of the spent nuclear fuel. 

. outer shell outer qr := 
surface temperature 

W overall heat transfer 
rates (Section 5.1.5) 
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Using heat transfer methods for a composite cylindrical wall, illustrated here, the inner shell inner 
surface temperature range, Tis, is found by the following equation (Ref. 16, page 92, eq. (3-29)). 
These temperature values correspond with Tos values. For this part of the calculation Ri and R, 
are equal to each other (Assumption 3.5). 

-Outer Shell 

Shell 

The temperature change is found for both the inner shell at the inner surface and outer shell at 
the outer surface: 

ATi, := Ti, - 293K 

AT,, := To, - 29313 

inner shell inner surface temperature change 

outer shell outer surface temperature change 
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Interference between the two shells along the radius is determined using the basic definition 
of thermal expansion: 

E = a (AT) where E is the strain (change in length per length), a is the coefficient of thermal 
expansion, and AT is the change in temperature (Ref. 17, page 63, eq. (2-61)). 

Since E = 6 1 L (change in length per length), solving for the change in length, 6, yields the 
equation for thermal expansion along a radius: 

6 = a R AT where 6 is the change in radial length, a is the coefficient of thermal expansion, R 
is the radial length, and AT is the change in temperature. 

:= ass.Ri.ATis change in size of the inner shell outer radius 

T 
60 := aa11oy22'Ro'ATos change in size of the outer shell inner radius 

A : = ( l  1 1 1 1 1 1 1 1 1 1 )  This 1x11 rowvector is used toexpand the 11x1 column 
vectors into matrices compatible with the 6, 11x1 1 matrix. 

T T 
6 :=A 4 - 6, - gap.A interference between shells 

outer shell inner surface radii 11x1 column vector, expanded to 
an 11x1 I matrix 

outer shell outer surface radii 11x1 column vector, expanded to 
an 1 1 x l  I matrix 

Pressure, p, due to an interference fit is found by the following equation (Ref. 17, pages 62 to 63, 
eq. (2-59)): 
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The tangential stresses at the inner and outer surfaces of the outer shell are found in this section. 

Outer shell tangential stress (Ref. 17, page 59, eq. (2-50), first equation) at the outer surface: 

outer shell outer surface tangential stress (MPa) 

Outer shell tangential stress (Ref. 17, page 59, eq. (2-50), first equation) at the inner surface: 

outer shell inner surface tangential stress (MPa) 

The following calculations determine the outer shell 10% and 20% yield strength values. These 
values are marked on the resulting plots and are for informational purposes only. 

0 10% := 1O%'oy.a~~oy22 10% yield strength 

o lo% = 22.2 MPa 

ozo% := ~ O % . ~ ~ . ~ I I O ~ Z Z  20% yield strength 

o 20% = 44.4 MPa 
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Maximum stress at 239 degrees C at the outer surface for a corresponding gap size. Negative 
stresses signify that there is no contact between the shells for the corresponding gap size. 
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This plot illustrates the stress (MPa) with respect to temperature (degrees C) of the outer surface of 
the outer shell for various gap sizes. 

- 0.0-mm gap 
----- 0.1-mm gap 
- - 0.2-mm gap 

OS Outer Surface Tangential Stress 

To,.-273K 
J 

Temperature (Degrees C) 

0.3-mm gap 
-- The 44.4 MPa and 22.2 MPa horizontal dashed lines 
----- 0.4-mm gap indicate 10% and 20% yield strength of alloy 22. These 
- - gap lines are for informational purposes only. 

0.6-mm gap - - - 0.7-mm gap - 0.8-mm gap 
----- 0.9-mm gap 
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Maximum stress at 239 degrees C at the inner surface for a corresponding gap size. Negative 
stresses signify that there is no contact between the shells for the corresponding gap size. 

min 
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This plot illustrates the stress (MPa) with respect to temperature (degrees C) of the inner surface of 
the outer shell for various gap sizes. 

OS Inner Surface Tangential Stress 

T,,-273K 
1 

Temperature (Degrees C) 
- 0.0-rnm gap ----- 0.1-mm gap 
- - 0.2-mm gap 

0.3-mm gap The 44.4 MPa and 22.2 MPa horizontal dashed lines 
----- 
- 0.4-mm gap indicate 10% and 20% yield strength of alloy 22. These 
- - 0-5-mm gap lines are for informational purposes only. 

0.6-mm gap 
0.7-mm gap - 0.8-mm gap 

-----  0.9-rnrn gap 
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Various Shell Gap Sizes for the 5-DHL MF-LON 

This calculation determines the outer shell stresses due to uneven thermal expansion of the 
inner and outer shells. The inner shell is constructed of 316 Stainless Steel Nuclear Grade 
(Section 5.1.1), and the outer shell is constructed of Alloy 22 (Section 5.1 2). Various shell gap 
sizes are used to calculate the resulting outer shell stresses. 

Parameterj provides a range from 0 to 10 with an interval of 1 

j :=O.. 10 range from 0 to 10 with an interval of 1 

range of shell gap sizes between the shells from which 
the outer shell stresses are to be calculated 
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Outer Shell I 
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Dimensions of the waste package cross section 
and the inner cavity length (Section 5.1.3): 

ri := 0.940.m inner shell inner radius 

thi := 0.050-m inner shell thickness 

Ri := ri + thi inner shell outer radius 

R, := Ri + gap outer shell inner radius 

tho := 0.025.m outer shell thickness 

ro:=R,, + th, outer shell outer radius 

L := 3.590m inner cavity length 6 Inner Shell 

Material Properties. 

6 m a,, := 17.10- - mean coefficient of thermal expansion for 316NG SS 

9.7-10-~- in ) (Section 5.1 .'I) 
in. deg F 

6 m  := 12.6. 10- - mean coefficient of thermal expansion for Alloy 22 

in ) (Section 5.1.2) 
imdeg F 

9 GPa := 10 .Pa 6 MPa := 10 .Pa 3 ksi := 10 .psi 

E, := 206.GPa E, = 29.9 106.pi outer shell elastic modulus (Section 5.1 2) 

inner shell elastic modulus (Section 5.1.1) 

outer shell Poisson's ratio (Section 5.1.2) 

inner shell Poisson's ratio (Section 5.1.1) 
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inner shell thermal conductivity (Section 

outer shell thermal conductivity 
BTU ) (Section 5.1 2 )  

hr.ft-deg F 

cry,alloy22 := 222MPa cr y,alloy22 = 32.2 ksi outer shell yield strength at 260 degrees C 
(Section 5.1 2 )  

The upper boundary of the temperature range.that the outer shell of the 21-PWR waste package 
is subject to is 239 degrees C (462 degrees F and 512 K) (Section 5.1.4), occurring 35 years 
after emplacement. This upper boundary temperature range is used for all waste packages 
(Section 5.1.4). Room temperature at 20 degrees C (68 degrees F and 293 K) is the initial 
temperature (Section 5.1.4) of the shells before the spent nuclear fuel is inserted. 

To, represents the temperature range values (Kelvin) of the calculation. qr represents the 
corresponding overall heat transfer rates (Watts) for each temperature (Section 5.1 S). At room 
tem~erature the overall heat transfer rate is eaual to zero, representing the shells before insertion 
of the spent nuclear fuel. 

outer shell outer qr := 
surface temperature 

W overall heat transfer 
rates (Section 5.1.5) 
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Using heat transfer methods for a composite cylindrical wall, illustrated here, the inner shell inner 
surface temperature range, Tis, is found by the following equation (Ref. 16, page 92, eq. (3-29)). 
These temperature values correspond with To, values. For this part of the calculation Ri and 5 
are equal to each other (Assumption 3.5). 

,- Outer Shell 

The temperature change is found for both the inner shell at the inner surface and outer shell at 
the outer surface: 

ATi, := Ti, - 293K 

AT,, := To, - 29313 

inner shell inner surface temperature change 

outer shell outer surface temperature change 
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Interference between the two shells along the radius is determined using the basic definition 
of thermal expansion: 

E = a (AT) where E is the strain (change in length per length), a is the coefficient of thermal 
expansion, and AT is the change in temperature (Ref. 17, page 63, eq. (2-61)). 

Since E = 6 1 L (change in length per length), solving for the change in length, 6, yields the 
equation for thermal expansion along a radius: ' 

6 = a R AT where 6 is the change in radial length, a is the coefficient of thermal expansion, R 
is the radial length, and AT is the change in temperature. 

tii := ass.Ri-ATis change in size of the inner shell outer radius 

T 
60 := aal1o~22'Ro'ATos change in size of the outer shell inner radius 

A := ( 1  1 1 1 1 1 1 1 1 1 1 ) This 1x1 I row vector is used to expand the 11x1 column 
vectors into matrices compatible with the 6, 11x1 I matrix. 

T T 
6 := A 4 - 6, - gap-A interference between shells 

outer shell inner surface radii 11x1 column vector, expanded to 
an I I XI 1 matrix 

outer shell outer surface radii 11x1 column vector, expanded to 
an 11x1 1 matrix 

Pressure, p, due to an interference fit is found by the following equation (Ref. 17, pages 62 to 63, 
eq. (2-59)): 
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The tangential stresses at the inner and outer surfaces of the outer shell are found in this section. 

Outer shell tangential stress (Ref. 17, page 59, eq. (2-50), first equation) at the outer surface: 

outer shell outer surface tangential stress (MPa) 

Outer shell tangential stress (Ref. 17, page 59, eq. (2-50), first equation) at the inner surface: 

outer shell inner surface tangential stress (MPa) 

The following calculations determine the outer shell 10% and 20% yield strength values. These 
values are marked on the resulting plots and are for informational purposes only. 

0 10% := 10%.0y.a11oy22 10% yield strength 

o = 22.2 MPa 

020% := 2 0 % . ~ y . a t t o y ~ 2  20% yield strength 

020% = 44.4 MPa 
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Maximum stress at 239 degrees C at the outer surface for a corresponding gap size. Negative 
stresses signify that there is no contact between the shells for the corresponding gap size. 
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This plot illustrates the stress (MPa) with respect to temperature (degrees C) of the outer surface of 
the outer shell for various gap sizes. 

OS Outer Surface Tangential Stress 

To,.-273K 
J 

Temperature (Degrees C) 
0.0-mm gap 
0.1-mm gap 
0.2-mm gap 
0.3-mm gap 

The 44.4 MPa and 22.2 MPa horizontal dashed lines 0-4-mm gap indicate 10% and 20% yield strength of alloy 22. These 
O S m m  gap lines are for informational purposes only. 
0.6-mm gap 
0.7-mm gap 
0.8-mm gap 
0.9-mm gap 
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Maximum stress at 239 degrees C at the inner surface for a corresponding gap size. Negative 
stresses signify that there is no contact between the shells for the corresponding gap size. 
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This plot illustrates the stress (MPa) with respect to temperature (degrees C) of the inner surface of 
the outer shell for various gap sizes. 

OS Inner Surface Tangential Stress 

To,.-273K 
~ernperature (Degrees C) - 0.0-mm gap ----- 0.1 -mm gap 

- - 0.2-rnm gap 
- - a  0.3-mm gab The 44.4 MPa and 22.2 MPa horizontal dashed lines 
- - - - -  0-4-mm gap indicate 10% and 20% yield strength of alloy 22. These 
- - 

0.5-mm gap lines are for informational purposes only. 
0.6-mm gap 

- - - 0.7-mm gap - 0.8-mm gap 
- - - - -  0.9-mm gap 
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Various Shell Gap Sizes for the 2-MC 

This calculation determines the outer shell stresses due to uneven thermal expansion of the 
inner and outer shells. The inner shell is constructed of 316 Stainless Steel Nuclear Grade 
(Section 5.1.1), and the outer shell is constructed of Alloy 22 (Section 5.1.2). Various shell gap 
sizes are used to calculate the resulting outer shell stresses. 

Parameter j provides a range from 0 to 10 with an interval of 1. 

j := 0.. 10 range from 0 to 10 with an intewal of 1 

gap, := j-0.0001.m range of shell gap sizes between the shells from which 
the outer shell stresses are to be calculated 
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Dimensions of the waste package cross section 
and the inner cavity length (Section 5.1.3): 

r j  := 0.792-m inner shell inner radius 

thi := 0.050.m inner shell thickness 

Ri := r j  + thi inner shell outer radius 

R, := Ri + gap outer shell inner radius 

tho := 0.025.m outer shell thickness 

ro := R, + th, outer shell outer radius 

Material Properties. 

inner cavity length 

Page VII-2 

F Outer Shell I 

Inner Shell 

6 m a,, := 17.10- - mean coefficient of thermal expansion for 316NG SS 

in ) (Section 5.1 . l )  9.7- 10- - 
in. deg F 

6 m a,110v22 := 12.6-10- - mean coefficient of thermal expansion for Alloy 22 
m.K 

(7.0-10- - in ) (Section 5.1.2) 
in-deg F 

9 GPa := 10 -Pa 6 m a : =  10 .Pa 3 ksi := 10 -psi 

E, := 206-GPa 6 E, = 29.9 10 -psi outer shell elastic modulus (Section 5.1.2) 

inner shell elastic modulus (Section 5.1.1) 

outer shell Poisson's ratio (Section 5.1.2) 

inner shell Poisson's ratio (Section 5.1 .l) 
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inner shell thermal conductivity (Section 5.1.1) 
hr.ft.deg F 

outer shell thermal conductivity BTU ) (Section 5.1 2 )  
hr.ft-deg F 

t3y,alloy22 := 222MPa 0 ~ , ~ l l ~ ~ 2 2  = 32.2 ksi outer shell yield strength at 260 degrees C 
(Section 5.1 2 )  

The upper boundary of the temperature range that the outer shell of the 21-BWR waste package 
is subject to is 239 degrees C (462 degrees F and 512 K) (Section 5.1.4), occurring 35 years 
after emplacement. This upper boundary temperature range is used for all waste packages 
(Section 5.1.4). Room temperature at 20 degrees C (68 degrees F and 293 K) is the initial 
temperature (Section 5.1.4) of the shells before the spent nuclear fuel is inserted. 

To, represents the temperature range values (Kelvin) of the calculation. qr represents the 
corresponding overall heat transfer rates (Watts) for each temperature (Section 5.1.5). At room 
temperature the overall heat transfer rate is equal to zero, representing the shells before insertion 
of the spent nuclear fuel. 

C outer shell outer qr := 
surface temperature 

Y overall heat transfer 
rates (Section 5.1.5) 
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Using heat transfer methods for a composite cylindrical wall, illustrated here, the inner shell inner 
surface temperature range, Ti,, is found by the following equation (Ref. 16, page 92, eq. (3-29)). 
These temperature values correspond with To, values. For this part of the calculation F+ and & 
are equal to each other (Assumption 3.5). 

/--Outer Shell 

The temperature change is found for both the inner shell at the inner surface and outer shell at 
the outer surface: 

ATi, := Ti, - 293K 

AT,, := To, - 293K 

inner shell inner surface temperature change 

outer shell outer surface temperature change 
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Interference between the two shells along the radius is determined using the basic definition 
of thermal expansion: 

E = a (AT) where E is the strain (change in length per length), a is the coefficient of thermal 
expansion, and AT is the change in temperature (Ref. 17, page 63, eq. (2-61)). 

Since E = 6 1 L (change in length per length), solving for the change in length, 6, yields the 
equation for thermal expansion along a radius: 

6 = a R AT where 6 is the change in radial length, a is the coefficient of thermal expansion, R 
is the radial length, and AT is the change in temperature. 

6i := ass.Ri.ATis change in size of the inner shell outer radius 

60 := ~ ~ I o ~ ~ - % . A T o s ~  change in size of the outer shell inner radius 

A:= ( 1  1 1 1 1 1 1 1 1 1 1 ) This 1x1 1 row vector is used to expand the l l x l  column 
vectors into matrices compatible with the 6, 11x1 1 matrix. 

T T 
6 :=A 4 - 6, - gap-A interference between shells 

outer shell inner surface radii 11x1 column vector, expanded to 
an 11x1 1 matrix 

outer shell outer surface radii l l x l  column vector, expanded to 
an 11x1 1 matrix 

Pressure, p, due to an interference fit is found by the following equation (Ref. 17, pages 62 to 63, 
eq. (2-59)): 
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The tangential stresses at the inner and outer surfaces of the outer shell are found in this section. 

Outer shell tangential stress (Ref. 17, page 59, eq. (2-50), first equation) at the outer surface: 

outer shell outer surface tangential stress (MPa) 

Outer shell tangential stress (Ref. 17, page 59, eq. (2-50), first equation) at the inner surface: 

outer shell inner surface tangential stress (MPa) 

The following calculations determine the outer shell 10% and 20% yield strength values. These 
values are marked on the resulting plots and are for informational purposes only. 

"10% := 10%."y.a1loy22 10% yield strength 

0 loo/, = 2 2 . 2  MPa 

"20% := 20%'"y.a~~oy22 20% yield strength 

ozo% = 44.4 MPa 
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Maximum stress at 239 degrees C at the outer surface for a corresponding gap size. Negative 
stresses signify that there is no contact between the shells for the corresponding gap size. 
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This plot illustrates the stress (MPa) with respect to temperature (degrees C) of the outer surface of 
the outer shell for various gap sizes. 

OS Outer Surface Tangential Stress 

To,, -273K 
J 

Temperature (Degrees C) - 0.0-mm gap 
----- 0.1 -mm gap 
- - 0.2-mm gap 

0.3-mm gap 
-- The 44.4 MPa and 22.2 MPa horizontal dashed lines 

0.4-mm gap indicate 10% and 20% yield strength of alloy 22. These 
0.5-mm gap lines are for informational Duruoses onlv. - - . . 
0.6-mm gap - - - 0.7-mm gap - 0.8-mm gap 

----- 0.9-mm gap 
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Maximum stress at 239 degrees C at the inner surface for a corresponding gap size. Negative 
stresses signify that there is no contact between the shells for the corresponding gap size. 
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This plot illustrates the stress (MPa) with respect to temperature (degrees C) of the inner surface of 
the outer shell for various gap sizes. 

OS Inner Surface Tangential Stress 

To,,-273K 
J 

Temperature (Degrees C) 
0.0-mm gap 
0.1 -mm gap 
0.2-mm gap 
0.3-mm gap The 44.4 MPa and 22.2 MPa horizontal dashed lines 
0.4-mm gap indicate 10% and 20% yield strength of alloy 22. These 
0.5-mm gap lines are for informational purposes only. 
0.6-mm gap 
0.7-mm gap 
0.8-mm gap 
0.9-mm gap 
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Various Shell Gap Sizes for the Naval 

This calculation determines the outer shell stresses due to uneven thermal expansion of the 
inner and outer shells. The inner shell is constructed of 316 Stainless Steel Nuclear Grade 
(Section 5.1 .I), and the outer shell is constructed of Alloy 22 (Section 5.1 2). Various shell gap 
sizes are used to calculate the resulting outer shell stresses. 

Parameter j provides a range from 0 to 10 with an interval of 4.  

j := 0.. 10 range from 0 to 10 with an interval of 1 

range of shell gap sizes between the shells from which 
the outer shell stresses are to be calculated 



Attachment VIII: CAL-EBS-ME-000011 REV 00 
TEVarGapCalcs Naval SNF Long V 1 .O.mcd 

Dimensions of the waste package cross section 
and the inner cavity length (Section 5.1.3): 

q := 0.8595.m inner shell inner radius 
Outer Shell I 

R, := Ri + gap 

tho := 0.025-m 

r,:=R, + th, 

Material Properties. 

6 m a,, := 17.10- - 
m-K 

inner shell thickness 

inner shell outer radius 

outer shell inner radius 

outer shell thickness 

outer shell outer radius 

inner cavity length 

9 GPa := 10 -Pa MPa := 

b Inner Shell 

Page VIII-2 

mean coefficient of thermal expansion for 316NG SS 

9.7-10-~- in ) (Section 5.1 . A )  
in. deg F 

mean coefficient of thermal expansion for Alloy 22 

7.0.10-~- in ) (Section 5.1.2) 
in. deg F 

1 06-pa ksi := 10 3 .psi 

Eo := 206.GPa E, = 29.9 106.pi outer shell elastic modulus (Section 5.1 2) 

Ei := 195.1.GPa 6 Ei = 28.3 10 .psi inner shell elastic modulus (Section 5.1.1) 

v, := 0.278 outer shell Poisson's ratio (Section 5.1 2 )  

vi  := 0.298 inner shell Poisson's ratio (Section 5.1.1) 
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inner shell thermal conductivity Bm ) (section 5. 1 .I) 
hrsft-deg F 

outer shell thermal conductivity Bm ) (Section 5.1 2 )  
hr.ft.deg F 

c ~ ~ . ~ l 1 ~ ~ 2 2  := 222MPa ~ ~ , ~ l l ~ ~ 2 2  = 32.2 ksi outer shell yield strength at 260 degrees C 
(Section 5.1 2 )  

The upper boundary of the temperature range that the outer shell of the 21-PWR waste package 
is subject to is 239 degrees C (462 degrees F and 512 #) (Section 5.1.4), occurring 35 years 
after emplacement. This upper boundary temperature range is used for all waste packages 
(Section 5.1.4). Room temperature at 20 degrees C (68 degrees F and 293 K) is the initial 
temperature (Section 5.1.4) of the shells before the spent nuclear fuel is inserted. 

To, represents the temperature range values (Kelvin) of the calculation. q, represents the 
corresponding overall heat transfer rates (Watts) for each temperature (Section 5.1.5). At room 
temperature the overall heat transfer rate is eaual to zero, representing the shells before inseeion 
of the spent nuclear fuel. 

outer shell outer q, := 
surface temperature 

W overall heat transfer 
rates (Section 5.1.5) 
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Using heat transfer methods for a composite cylindrical wall, illustrated here, the inner shell inner 
surface temperature range, Tis, is found by the following equation (Ref. 16, page 92, eq. (3-29)). 
These temperature values correspond with To, values. For this part of the calculation Ri and 5 
are equal to each other (Assumption 3.5). 

,-Outer Shell 

The temperature change is found for both the inner shell at the inner surface and outer shell at 
the outer surface: 

inner shell inner surface temperature change 

outer shell outer surface temperature change 
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Interference between the two shells along the radius is determined using the basic definition 
of thermal expansion: 

E = a (AT) where E is the strain (change in length per length), a is the coefficient of thermal 
expansion, and AT is the change in temperature (Ref. 17, page 63, eq. (2-61)). 

Since E = 6 1 L (change in length per length), solving for the change in length, 6, yields the 
equation for thermal expansion along a radius: 

6 = a R AT where 6 is the change in radial length, a is the coefficient of thermal expansion, R 
is the radial length, and AT is the change in temperature. 

6i := a,,-Ri.ATis change in size of the inner shell outer radius 

T 
60 := aalloy22'%'ATos change in size of the outer shell inner radius 

A := ( 1  1 1 1 1 1 1 1 1 1 1 ) This 1x1 1 row vector is used to expand the 11x1 column 
vectors into matrices compatible with the 6, 11x1 1 matrix. 

T T 6 :=A 4 - 8, - gap.A interference between shells 

outer shell inner surface radii 11x1 column vector, expanded to 
an 11x1 1 matrix 

outer shell outer surface radii 11x1 column vector, expanded to 
an 1 1x1 1 matrix 

Pressure, p, due to an interference fit is found by the following equation (Ref. 17, pages 62 to 63, 
eq. (2-59)): 
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The tangential stresses at the inner and outer surfaces of the outer shell are found in this section. 

Outer shell tangential stress (Ref. 17, page 59, eq. (2-50), first equation) at the outer surface: 

outer shell outer surface tangential stress (MPa) 

face: Outer shell tangential stress (Ref. 17, page 59, eq. (2-50), first equation) at the inner sur 

outer shell inner surface tangential stress (MPa) 

The following calculations determine the outer shell 10% and 20% yield strength values. These 
values are marked on the resulting plots and are for informational purposes only. 

10% := 1O%.(Jy.a~~oy22 10% yield strength 

crlo% = 2 2 . 2 M P a  

020% := 20%.~y.a11oy22 20% yield strength 

020% = 44.4 MPa 
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Maximum stress at 239 degrees C at the outer surface for a corresponding gap size. Negative 
stresses signify that there is no contact between the shells for the corresponding gap size. 
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This plot illustrates the stress (MPa) with respect to temperature (degrees C) of the outer surface of 
the outer shell for various gap sizes. 

OS Outer Surface Tangential Stress 

To,.-273K 
~emperature (Degrees C) - 0.0-mm gap ----- 0.1 -mm gap 

- .- 0.2-mm gap - - -  0.3-mm gap The 44.4 MPa and 22.2 MPa horizontal dashed lines 
- 0-4-mm gap indicate 10% and 20% yield strength of alloy 22. These 
- - 0.5-mm gap lines are for informational purposes only. 

0.6-mm gap 
- - - 0.7-mm gap - 0.8-mm gap 
----- 0.9-mm gap 
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Maximum stress at 239 degrees C at the inner surface for a corresponding gap size. Negative 
stresses signify that there is no contact between the shells for the corresponding gap size. 
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This plot illustrates the stress (MPa) with respect to temperature (degrees C) of the inner surface of 
the outer shell for various gap sizes. 

OS Inner Surface Tangential Stress 

To,,-273K 
J 

Temperature (Degrees C) 

- 0.0-mm gap 
----- 0.1 -mm gap 
- - 0.2-mm gap 

0.3-mm gap The 44.4 MPa and 22.2 MPa horizontal dashed lines 
----- - 0-4-mm gap indicate 10% and 20% yield strength of alloy 22. These 
- - 0-5-mm gap lines are for informational purposes only. 

0.6-mm gap 
- - - 0.7-mm gap - 0.8-mm gap 
----- 0.9-mrn gap 
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Thermal Expansion for a Long Circular Cylinder 

This attachment will verify the basic equation for thermal expansion through the radius of a 
cylinder. The equation is as follows: 

where 
6 is the change in radial length, 
a is the coefficient of thermal expansion, 
R is the radial length, 
and AT is the change in temperature. 

The following equations (Ref. 19, page 444, eq. (c) through (9) are used to determine the stress 
in the radial, angular, and axial directions, represented by or, ae, and o,, respectively. The 
displacement due to thermal expansion is given by u. Since the temperature gradient through 
the barrier thickness is negligibly small, AT is independent of the radius, r. 

where 

v is Poisson's ratio, 
a is the coefficient of thermal expansion, 
E is the elastic modulus, 
r is the radial length, 
a is the inner radius, 
and AT is the change in temperature. 



Attachment IX: CAL-EBS-ME-0000 1 1 REV 00 
TEdef-verif.mcd 

Integrating and simplifying equation (2) gives 

Using eq. (5), C2 is found in terms of C1 by using the following boundary condition: 

For r = a, or = 0. 

C2 is substituted into eq. (5). 

Using eq. (7), C1 is found by using the following boundary condition: 

For r = b, or = 0, where b is the outer radius. 

Page IX-2 
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Substituting C1 into eq. (6) produces C2. 

Page IX-3 

C1 and C2 are inserted into eq. (5) to determine the radial stress, o,. 

Reducing the equation yields 

C1 and C2 are inserted into eq. (3) to determine the angular stress, oe. 
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Reducing the equation yields 

A uniform axial stress (5, = Cg is superposed onto eq. (4), choosing Cg SO that the resultant force on 
the ends is zero (Ref. 19, page 444). 

Using eq. (12), C3 is found by substituting C1 into the equation. 

Reducing the equation yields 
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The displacement u, is affected by the axial stress C3. A term -vCsr/E must be added on the right 
of eq. (1) (Ref. 19, page 445). 

C1, CS, and C3 are inserted into eq. (14) to determine the radial displacement. 

Reducing the equation yields 


